A multi-scale constitutive model of solidifying cementitious materials is presented based on a systematic knowledge coupling structural mechanics with chemo-physical phenomena. The model can reasonably simulate time-dependent deformations such as autogenous/drying shrinkage and basic/drying creep in laboratory tests under arbitrary environmental and loading conditions. Shrinkage induced cracking in an actual PRC bridge structure was examined by the analytical system, which reveals that large shrinkage of concrete and heavy reinforcement in the bridge led to plenty of cracks. In addition, the effect of aggregate on shrinkage was studied. Through sensitivity analyses and experimental verifications, the possible reasons to bring large shrinkage of concrete in the bridge are presented focusing on aggregate properties.
INTRODUCTION
The time-dependent deformation of solidifying cemented composites is significant and can seriously affect structural performance and service life. A number of investigations of the phenomenon are reported and several predictive models have been developed for creep and shrinkage [1] , [2] , [3] , [4] , [5] , [6] , [7] , [8] , [9] . It has been revealed that shrinkage and creep of concrete are associated with the state of moisture in the pores [10] , [11] , [12] , [13] . However, it remained rather difficult to comprehensively associate time-dependency with moisture potentials in concrete pores, because of the complexity of mutually coupled chemo-physical phenomena such as cement hydration, pore structure formation and pore pressure.
The author's research group has been developing a multi-scale lifespan simulation system of concrete for predicting performances of RC structures from casting to the end of service life. The three-dimensional multi-scale coupled system is built on the thermo-dynamic simulator named DuCOM [14] for microphysical information and nonlinear mechanics FEM coded by COM3 [15] for seismic performance assessment of reinforced concrete as shown in [7] , [8] , [9] . This computational system makes a consistent simulation of time-dependent deformation over the whole service life possible under any ambient and mechanical boundary conditions.
In this study, the developing multi-scale constitutive model for time-dependent deformation is introduced and applied to an actual damaged PRC structure. Furthermore, this 2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada work focuses on the role of aggregate on the volume change of concrete. The results of the two-phase composite model are compared to experimental data. 
Fig. 1 Integration of DuCOM and COM3

A MULTI-SCALE CONSTITUTIVE MODEL OF CONCRETE
This chapter simply summarizes a multi-scale unified solidification model, developed by Mabrouk et al., Zhu et al. and Asamoto et al [7] , [8] , [9] . Further details can be found in the literature.
The model idealizes concrete as a two-phase composite consisting of suspended elastic aggregate particles and a cement paste matrix. The process of cement paste solidification is expressed as the progressive formation of finite fictitious clusters [4] . The number of clusters is proportional to the growth of structure in the hydrating cement paste, as shown in Fig. 2 . The instantaneous stiffness of the cement is consistently associated with the integral of each cluster to which the time-dependent constitutive modeling of CSH hydrate is applied. The stress in the cement paste is computed as the summation of stresses over all clusters. Both volumetric and deviatoric terms of stress and strain are computed in consideration of interactions between aggregate particles and the cement paste matrix.
The rate model for each cluster is idealized as the sequential components associated with moisture kinematics in capillary, gel and interlayer pores. Recently, Asamoto et al. proposed that the moisture migration mechanism in gel pores is divided into moisture transport through CSH gel grains and water in motion within the inter-particle spaces of hydrate micro-products based on thermodynamic state of moisture in micro-pores [9] . The applied mechanical model is analogous to "seepage theory" in which the viscous flow of moisture causes time-dependent deformation. Past research suggests that the viscous flow of water in finer pores may govern long-term creep while condensed water in relatively large capillary pores may chiefly affect short-term deformation [11] , [12] , [13] , [16] . Then, the fictitious moisture motion is idealized such that it depends on pore size. In addition, microphysical parameters of elastic springs, dashpots and sliders are modeled with regard to thermo-dynamic state variables such as hydration degree, porosity, saturation degree of each pore and temperature, as also shown in Fig. 2 .
In the model, referring to existing knowledge, driving forces for volumetric changes are idealized by explicitly incorporating different phases of liquid water (condensed water, adsorbed water) existing in micro-pores. Capillary tension acting on condensed water stored in relatively large micro-pores is considered as driving forces for shrinkage acting on capillary and gel pore structures of cement paste. Also, the increase of solid surface energy of gel particles caused by desorption of adsorbed water on the pore surfaces is taken into account. In the latter mechanism, molecular interaction forces (Van der Waal's forces) of water molecules and solid molecules are considered as driving forces, so the mechanism is associated with smaller micro-pores than the former mechanism. The intrinsic force of capillary pressure and solid surface energy is computed in accordance with moisture state as the mechanism driving volume change, and equilibrium between shrinkage stresses and the external applied stresses Thus, empirical classification into autogenous/drying shrinkage and basic/drying creep is unnecessary so that the structural response can be obtained as result of environment and loading conditions.
The analytical model can simulate the timedependent deformation of concrete by giving necessary information as input, such as mix proportion, type of cement, size and shape of structure, reinforcement, environmental conditions (temperature and relative humidity), and loading conditions. At the same time, micro-physical information such as temperature, degree of hydration, porosity, moisture distribution and others can be calculated under arbitrary environmental conditions. Using available experimental data, systematic verifications of the analysis are presented in Fig.4-7 . Currently, the model can simulate autogenous shrinkage, drying shrinkage, basic creep and drying creep of laboratory test under various environmental conditions. 
APPLICATION TO A PRC (PRESTRESSED REINFORCED CONCRETE) STRUCTURE
General information of the targeted bridge
An actual damaged PRC (Prestressed Reinforced Concrete) structure is studied using the model of time-dependent deformation as explained in previous chapter. The PRC bridge, which is located in Japan's central area -Wakayama-prefecture, was reported to have suffered serious damage. A number of cracks were found on the surface of RC members and vertical cracks were observed in the web, although prestressing force had been applied in the horizontal direction of web. PRC bridge with 7 spans and box girder cross-section For examining the serious damage to the bridge as described above, the JSCE (Japan Society of Civil Engineers) set up an emergency committee to evaluate its structure performance. According to the committee, it was thought that one of the reasons for this serious damage could be the large amount of reinforcement [24] . The bridge has a dense arrangement of D29 and D32 thick reinforcing bars and the total reinforcement ratio exceeds 3.0% in the case of the bottom flanges. When concrete starts to shrink due to drying, strong confinement caused by the reinforcement can lead to numerous small cracks on the surface or larger cracks within an RC member that can reach the steel or penetrate the member.
Another possible reason for the damage was thought to be use of the concrete material that largely shrinks after casting [24] . The water and cement contents of the concrete used in the structure are relatively higher than the designed according to mix proportion estimated from core specimens. Further, it is reported that the aggregates from the Kansai area of Japan, the source of aggregate for the bridge, are softer than typical aggregates. These two factors can cause large shrinkage of the concrete and lead to serious damage in the RC bridge structure.
It therefore seems that the combination of a design with a large amount of reinforcement amount and the use of a largely shrinking concrete may have led to the extraordinary early defects seen in this PRC bridge. The purpose of this chapter is to investigate the material properties and the structural response of the concrete over time, and to verify the above assumption through application of the multi-scale constitutive model.
Analytical conditions
The time-dependent behavior of the web, bottom flange, and top flange were investigated from the time of casting until the date of the visual inspection, a period of about three years. In this paper, the results of top flange are only introduced due to insufficient space.
The reinforcement ratio and analytical FEM mesh for each RC member are shown in Fig.  9 . In the analysis, a portion in the center of each RC member is extracted for simulation. Each mesh is symmetrical in the direction of the x-axis. Since it is assumed that there is no confinement except provided by the reinforcement, roller boundaries are assumed along the x-y, y-z, and x-z surfaces as shown in Fig. 9 . As symmetry is assumed, only one face of the x-z surfaces is set as a drying surface.
The inputting mix proportion of the concrete is determined by the estimation test from core specimen as shown in Table 1 . Regarding the aggregate, the stiffness is assumed to be 10% less than that of normal In order to evaluate the influence of the weather conditions from casting, the actual temperature history for the period was inputted into the simulation. Concerning ambient relative humidity, a constant value of 60%, representing Japan's average humidity, was adopted because there is no available information on actual humidity. The ambient temperature can strongly affect the hydration process, especially at an early age, but it is not practical to input a large number of temperature steps every hour because of the resulting increase in computation time. Thus, a linear approximation for each 12-hour period between each day's maximum and minimum temperature was adopted up to seven days of age. After seven days, the average monthly temperature was linearly interpolated. Examples (segments P6-A2 (summer construction) and P2-P3 (winter construction)) of temperature inputs for the analysis are given in Fig.10 . Here, each RC member is assumed to be exposed to drying conditions after three days sealed curing. The simulation was conducted from the time of casting until the date of the visual inspection in August 2004. 
Analytical results
The analysis firstly addresses the influence of the material properties of concrete on the behavior of some elements in the structure. 2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada model. The influence of the surrounding temperature at casting on the hydration reaction can be understood by comparing the segments. Since the process of hydration is active at an early age, a higher ambient temperature gives early hydration development in the analysis. The ultimate degree of hydration three years after casting is almost the same for all segments. The ambient relative humidity is assumed to be a constant value (=60%), so moisture behavior is strongly affected by the ambient temperature. In the analysis, higher surrounding temperatures at an early age result in reduced moisture evaporation, as shown in Fig. 11 . This is because rapid development of hydration reaction makes pore structure fine at an early age and hydrated fine pores can retain water. The model is able to simulate different microphysical behaviors depending on casting seasons reasonably.
Next, the calculated results of shrinkage are discussed. The left side of Fig. 12 represents the shrinkage strain of top flange in each segment without taking into account reinforcement and cracking. The general tendency is for a lower degree of hydration and greater moisture loss to result in more shrinkage. Thus, the shrinkage in the case of winter casting is larger than in summer casting. However, since early-age internal stress increases due to selfdesiccation at higher temperatures, shrinkage in the case of summer casting is almost the same or greater at the beginning than in winter casting. Thus, the relationship between moisture loss, hydration degree, and shrinkage strain is not one-on-one in the analysis and this trend corresponds to reality. The final value of the shrinkage three years after casting reaches about 700 µ and extremely larger than generally designed value in Japan (about 300-400 µ).
The right side of Fig.12 gives the calculated shrinkage results for each member considering reinforcement and cracking by coupling with non-linear time-dependent deformation model [25] , [26] . The maximum value of shrinkage with cracking and reinforcement is dependent on the amount of reinforcement. The sudden recovery of shrinkage indicates crack penetration over the member. The deformation and cracking of top flange of segments P6-A2 and P2-P3 about three year after casing are shown in Fig. 13 . The plates in the figure indicate crack opening direction. In the top flange of segment P2-P3, cracks penetrate, while in the case of segment P6-A2 there is no penetration. The analysis suggests that damage propagation in segments cast in the summer is slower or less significant than in winter casting. According to the visual inspection, RC members cast in the winter have suffered more serious damage than those cast in the summer. The damage tendency indicated by the model corresponds to the actual observations. Our analytical model can show reasonable tendencies of the material properties, timedependent deformation and damage of actual RC structure based on construction season and surrounding temperature over the service life. In next chapter, more detailed discussion about shrinkage will be conducted by comparing the experimental results in laboratory.
EFFECT OF PROPERTIES OF AGGREGATE ON SHRINKAGE
Autogenous and drying shrinkage of concrete used in the bridge
In order to investigate the shrinkage behavior of concrete used in the bridge, the JSCE committee focused on the quality of aggregate. It has been reported that aggregate (especially gravel produced in west-central area -Kansai) is more porous and may have lower stiffness (softer) than normal ones. Since such soft aggregate appears to be the cause of large shrinkage, autogenous and drying shrinkage tests were conducted in the laboratory by the committee to examine possible influences of the aggregate choice on shrinkage [24] . Three types of concrete specimen containing different aggregates were used in the experiments, as shown in Table 2 : normal aggregate for Mix A, porous aggregate similar to that used in the bridge concrete for Mix B, and normal sand but porous gravel for Mix C.
These tests were begun recently and so far shrinkage data have been obtained for 8 weeks after casting or drying. Fig. 14 shows test results of autogenous shrinkage and drying shrinkage. The shrinkage of mixes A and C is almost the same, but is about twice that of mix B. Since the difference between mixes A and C is only the sand used, the influence of sand material properties on shrinkage appears to be somewhat small. On the other hand, the experiment shows that gravel quality greatly affects the amount of shrinkage. In order to investigate the influence of aggregate in the analysis, the shrinkage of mixes A and B is computed using the above-mentioned model. Fig 14 shows the analytical results. In the model, the Young's modulus of each aggregate is determined by its density [8] , so the aggregate in mix A is softer than that in mix B. Further, in the case of mix A, the aggregate stiffness is assumed to be 10% lower than the value determined by its density, because the aggregate from Kansai area appears to be much softer than the estimated value based on experimental results of normal aggregate. Although the analytical result agrees reasonably well with the experimental shrinkage in the case of mix B, the computed shrinkage of mix A is considerably smaller than the experimental result despite the smaller Young's modulus. Since this indicates that a 10% reduction in aggregate stiffness may be insufficient, a sensitive analysis was carried out by softening the aggregate further. Fig. 15 shows the results of the sensitivity analysis. When the Young's modulus of the aggregate is 10% of the value estimated from the specific gravity, the shrinkage is almost the same as in the experiment. However, it is questionable whether the stiffness of the aggregate could be so small (3.16 GPa) because, in general, the stiffness of aggregates exceeds 15.0 GPa. Further, at that time (seven days of age), the Young's modulus of the concrete is a considerably smaller value (15.6 GPa, as shown in Table 3 ) than that of a core specimen (26.7 Gpa) although age is different. Thus, the analytical studies indicate that the large shrinkage of the bridge's concrete cannot be explained only from the viewpoint of aggregate stiffness. In order to verify the role of aggregate on shrinkage in the model and to examine possible reasons for increasing shrinkage significantly, experimental studies were conducted. In next section, the studies will be introduced. 
Experimental series
In the experiment, lightweight gravel was used as a substitute for the gravel used in the bridge, since the same aggregate was not available. In addition, lightweight gravel is more porous and softer than the ordinary material, which may enable us to investigate the effect of the stiffness and water sorptivity of aggregate on shrinkage more clearly.
Autogenous shrinkage and drying shrinkage tests were carried out using three types of gravels such as normal gravel, lightweight gravel and epoxy-coated lightweight gravel. Since the epoxy-coating prevents moisture transport between gravel and surrounding cement paste matrix, the influence of gravel stiffness can be extracted. Table 4 shows the properties of normal gravel and lightweight gravel.
The volume of aggregate was set constant in the mix proportion, as shown in Table 5 . Water-to-cement ratio was 30.0[%]. Ordinary Portland cement was used, and super-plasticizer was added to avoid insufficient compaction. In this paper, the specimens cast using normal gravel are referred to as specimen OG(Ordinary Gravel), the ones containing lightweight gravel are named as specimen LG(Lightweight Gravel), and specimens with epoxy-coated lightweight gravel are identified as specimen ELG(Epoxy-coated Lightweight Gravel).
The specimen size for autogenous shrinkage testing was 10 x 20 [cm] cylinder, and 10 x 10 x 40[cm] prismatic specimens were used in drying shrinkage test. The specimens for autogenous shrinkage testing were sealed immediately after casting and stored at a constant temperature of 20 degree Celsius. In the case of drying shrinkage test, specimens were subjected to 60.0[%] of relative humidity at 20ºC after 7 days moist curing. Fig. 16 shows the experimental results and the computed results by the multi-scale constitutive model. The Young's modulus of aggregate in specimen OG was determined by its density (computed as 41 GPa), while in the case of specimen LG and ELG the Young modulus of aggregate was assumed to be 4.8 GPa. The local moisture transfer between aggregate and hardening cement paste can be simulated in the analysis by inputting intrinsic water absorptivity of aggregate. It is shown that the shrinkage of specimen LG was almost similar as that of specimen ELG. This is because the moisture inside gavel may quickly diffuse outside concrete due to the small size of the specimen, which results in little difference in apparent drying shrinkage. The analytical model also gives the same tendency as shown in Fig. 16 .
Next, the influence of gravel stiffness on drying shrinkage is studied. As shown in Fig 16 , the shrinkages of specimen LG and specimen ELG are larger than that of specimen OG, while the shrinkage of specimen LG is not so different from that of specimen ELG. From these results, it may be argued that drying shrinkage is significantly affected by the aggregate stiffness. The smaller aggregate stiffness causes larger drying shrinkage. According to Fig. 16 , the two-phase system consisting of aggregate and paste matrix can reasonably simulate the drying shrinkage behavior of concrete. 
Discussion of autogenous shrinkage
The experimental results and the computed results of autogenous shrinkage are shown in Fig. 17 . The shrinkage of specimen LG is smaller than that of specimen ELG in the experiment. It is probably because the water inside pores of gravel is gradually supplied to pores of cement paste in the case of specimen LG. Such moisture movement from gravel to cement paste pores leads to keeping high pore humidity (and therefore it brings less autogenous shrinkage). This trend can be reasonably simulated by the analysis.
Next, the influence of stiffness of gravel on autogenous shrinkage is discussed. As shown in Fig. 17 , at the early age, autogenous shrinkage of specimen OG and ELG are almost the same in the experiment. As the hydration proceeds, the difference of shrinkage between them gradually increased. Although the gravel used in the specimen ELG is much softer than that in On the other hand, in the case of the stiffer cement paste, the Young's modulus of aggregate greatly influences the extent of autogenous shrinkage. According to this analytical study, it is concluded that the effect of aggregate stiffness is not dominant at the early age in this experiment due to small Young's modulus of hardening cement paste. One of reasons for disagreement between analysis and experiment in the autogenous shrinkage can be attributed to the accuracy of the stiffness of hardening cement paste at the early age. Since the model of the Young's modulus is empirical based on limited experiment, it is necessary to improve the model coupling with other thermodynamic models. E=～ denotes the inputted aggregate Young's modulus 2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada used in the bridge, however, the comprehensive numerical study suggested that large shrinkage cannot be attributed only to the low stiffness of aggregate. Other possible reasons arising from aggregate properties should be taken into account. Here, one may point out the shrinkage of aggregate itself as one of probable reasons to explain excessive shrinkage of concrete. Recently, it was reported that shrinkage does not only depend on the elastic modulus of aggregate but also the specific surface area [28] . Aggregate with many micro-pores can have high specific surface and it may shrink due to capillary tension similar to hardened cement paste matrix. The authors understand that the model can explain the large shrinkage behaviour of concrete by including the shrinkage of aggregate itself, but this issue remains for future study.
CONCLUSIONS
A multi-scale constitutive model of solidifying cementitious composites was presented. The model can simulate time-dependent deformations such as autogenous/drying shrinkage and basic/drying creep in laboratory tests, once environmental and loading conditions are given to the system. The analytical system was applied to investigate the initial defect in an actual PRC bridge structure, and the analytical results clearly showed that large shrinkage of concrete and heavy reinforcement in the bridge led to plenty of cracks. In addition, the effect of aggregate on shrinkage was studied. The two-phase composite system constituting of aggregate and cement paste matrix can reasonably simulate various shrinkage behaviors of concrete with having different stiffness of gravel.
